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Introduction
The introduction of imatinib mesylate, a specific breakpoint cluster region-Abelson1 (BCR-ABL1) tyrosine kinase inhibitor, has improved the outcome of patients with chronic myeloid leukemia (CML). A multinational, randomized phase III study (IRIS) demonstrated that imatinib is significantly superior to interferon-α plus low-dose cytarabine as first-line therapy in terms of hematologic and cytogenetic responses, tolerability, and progression-free survival in patients with newly diagnosed chronic phase CML (CML-CP). 1 Continuous treatment with imatinib as initial therapy induced durable responses in a high proportion of CML-CP patients at a 5-year follow-up. Cumulative complete hematologic response and complete cytogenetic response rates at 60 months were 98% and 87%, respectively. 2 Based on the results of these and other studies, imatinib has become the standard therapy for CML-CP.
Molecular response assessment is valuable in evaluating the therapeutic efficacy of tyrosine kinase inhibitors in CML. A major molecular response (MMR) is an important surrogate biomarker for the prediction of long-term outcome of imatinib treatment in CML. CML-CP patients who achieved MMR at 18 months had a significantly lower risk of disease progression than patients who did not achieve MMR. 3 Recently, complete molecular response (CMR) has been evaluated in clinical studies as a surrogate biomarker for the prediction of long-term outcome of imatinib therapy in CML-CP. CMR is defined as at least a 4.5-log reduction of BCR-ABL1 transcripts or undetectable transcripts by real-time quantitative polymerase chain reaction (qRT-PCR). In a landmark analysis by Press et al., CML patients who achieved CMR by 18 months had a significantly longer relapse-free survival than patients who achieved MMR. 4 In an intention-to-treat analysis, the cumulative incidence of CMR on imatinib therapy was 0.5% at 1 year and 8.3% at 5 years in newly diagnosed CML-CP patients. 5 CMR may also represent a new surrogate biomarker in the era of second-generation tyrosine kinase inhibitors, which have produced significantly superior molecular responses compared with imatinib. In the Evaluating Nilotinib Efficacy and Safety in Clinical Trialsnewly diagnosed patients (ENESTnd) phase III study, significantly more patients achieved CMR at 12, 24, and 36 months in the nilotinib groups than in the imatinib group (11%, 25%, and 32% with 300 mg nilotinib twice daily, respectively; 7%, 19%, and 28% with 400 mg nilotinib twice daily, respectively; and 1%, 9%, and 15% with imatinib, respectively). 6, 7 The Dasatinib versus Imatinib Study In Treatment-Naive CML patients (DASISION) a phase III trial, also showed that significantly more patients achieved CMR at 24 months in the dasatinib group than in the imatinib group (17% versus 8%). 8 Moreover, CMR may be a first milestone toward the development of a successful strategy for discontinuation therapy. In the Stop Imatinib (STIM) study, 41% of CML patients with a stable CMR for at least 2 years were able to sustain the CMR 12 months after cessation of imatinib. 9 In an update of the STIM trial at 48 months of follow-up, the overall probability of maintenance of CMR at 24 and 36 months was 39% (95% CI 29-48). 10 qRT-PCR-based molecular monitoring of BCR-ABL transcripts is used to assess treatment response in CML. qRT-PCR is only clinically useful if it is conducted under a rigorous quality control regimen so that fluctuations in the BCR-ABL1 level can be confidently attributed to a biological cause rather than assay variation. An international scale has been proposed to further improve the value of qRT-PCR results in the setting of clinical practice. 11 The European Leukemia Net (ELN) defined MMR as BCR-ABL1 transcripts ≤0.1% compared with ABL (or other house-keeping gene) transcripts in peripheral blood by the standardized international scale of qRT-PCR (IS-PCR). 9 CMR is defined as undetectable transcripts at different times in peripheral blood by nested PCR (sensitivity >10 4 ). 12 Because the potential for patients' eligibility for tyrosine kinase inhibitor cessation studies is becoming a more widely discussed topic and area for research, Cross et al. recently reviewed the standardized definitions of molecular response in CML based on BCR-ABL1 transcript levels. 13 According to the latest definitions of molecular response, MR3 is defined as BCR-ABL1 transcripts ≤0.1%, MR4 as BCR-ABL1 transcripts ≤0.01%, and MR4.5 as BCR-ABL1 transcripts ≤0.0032%.
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The purpose of this multicenter clinical study was to evaluate CMR rates in imatinib-treated CML-CP patients with MMR using the IS-PCR. The correlation of CMR with clinical, immunological, and pharmacokinetic parameters in CML-CP patients was also evaluated.
Methods

Patients and treatment
Twenty-one institutions in Japan participated in this multicenter trial. Patients who were ≥16 years of age, with a confirmed diagnosis of Philadelphia chromosome-positive CML-CP, treated with ongoing imatinib at any dose, and with an estimated MMR within 3 months before study entry were eligible for inclusion. All CML patients were in the chronic phase with no history of progression to accelerated phase or blast crisis. Molecular assessments for minimal residual disease quantification according to ELN recommendations were performed before the participants' inclusion in the study. Patients who had previously been treated with hydroxyurea, low-dose cytarabine, or interferon-α before imatinib administration were allowed to participate in the study. Patients who had undergone allogeneic stem cell transplantation or received chemotherapy combined with imatinib or other tyrosine kinase inhibitors were excluded from the study. Patients with severe complications or uncontrollable organ dysfunction were also excluded from the study. Imatinib treatment was continued for the duration of the study.
Study conduct
The study was conducted in accordance with the principles of the Declaration of Helsinki. Informed consent was obtained from all patients according to institutional guidelines. The study was approved by the Akita University Research Ethics Board and all institutional review boards of the participating centers.
Molecular response
IS-PCR was performed in a central laboratory using a MolecularMD One-Step qRT-PCR BCR-ABL kit (BML Inc., Kawagoe, Japan). MMR was defined as a 3-log reduction in BCR-ABL1 transcripts as determined by IS-PCR (BCR-ABL IS 0.0032%-0.1%), and at least 10,000 control genes (ABL) were required for a sample to be classified as adequate. CMR was defined as ≥4.5-log reduction in BCR-ABL1 transcripts (BCR-ABL IS ≤0.0032%) in peripheral blood samples collected twice on different days, and at least 32,000 control genes were required for a sample to be classified as adequate. To confirm the initial CMR (BCR-ABL IS ≤0.0032%), the IS-PCR assay was repeated at 6 months.
Imatinib concentration, genomics, and flow cytometry
Imatinib trough concentrations were determined using highperformance liquid chromatography as described previously. 14 Genotyping of SLC22A1 (156T>C, 480G>C, 1022C>T, and 1222A>G), 15 ABCB1 3435T>C, 16 ABCG2 421C>A, 17 and a BIM deletion polymorphism 18 was performed as described previously. Peripheral blood T-cell subsets were analyzed by flow cytometry using a whole blood lysis technique. The monoclonal antibodies used in this study are described in the Online Supplementary Methods.
Statistical analyses
Statistical analyses were performed using SPSS statistical software (version 17.0, SPSS Japan Inc., Tokyo, Japan). Data are presented as median (range) or median (quartile 1-quartile 3). Differences in the various parameters between groups were evaluated using the Mann-Whitney U test or c 2 test. Time to MMR was measured from the date of diagnosis of CML or date of imatinib administration to the date of MMR achievement. The cumu-lative incidence of MMR was estimated using the Kaplan-Meier method. Time to MMR was compared between groups using a stratified log-rank test. Stepwise forward selection multiple regression analysis was performed to determine the effect of the variables examined in univariate analysis on CMR. A P value <0.05 was considered statistically significant.
Results
Patients and treatment
Between December 1, 2010 and July 30, 2011, 157 patients were recruited for this study, of whom 152 were included in the study. Five patients were excluded because a MMR was not detectable at the first IS-PCR testing. The cutoff date for this analysis was January 31, 2012 (6 months after the last patient had been enrolled). Adverse events including loss of cytogenetic response, progression to acute phase/blast crisis, and death from any cause were not reported in any patients during the course of this study. The demographic characteristics, baseline disease characteristics, and risk stratification of the patients are presented in Table 1 . The median age of the patients was 61 years (range, 22-85 years). The male-to-female ratio was 100:52. Twenty-seven and 36 patients had received prior interferon-α and hydroxyurea treatment, respectively. Only one patient had received prior low-dose cytarabine. The median duration after CML diagnosis was 70.4 months (range, 9.8-226.9 months). The median duration of imatinib treatment was 69.6 months (range, 9.8-118.8 months), and the median actual daily dose of imatinib was 400 mg (range, 66.7-600 mg). Only one of the 152 patients received 600 mg/day imatinib from the onset of CML-CP; the other 151 patients were treated with ≤400 mg/day imatinib. The median time to complete cytogenetic response from CML diagnosis and imatinib administration was 7.2 months (range, 1.0-103.5 months) and 5.3 months (range, 0-76.8 months), respectively. The median time to MMR from CML diagnosis and imatinib administration was 18.4 months (range, 4.4-185.9 months) and 16.5 months (range, 3.2-101.5 months), respectively.
Evaluation of molecular response
BCR-ABL
IS 0.0032%-0.1% was detected in 69 patients (45.4%) at the first testing, and these patients were classified into the No-CMR group. Of the 152 patients analyzed, 75 (49.3%) were classified into the CMR group. BCR-ABL IS ≤0.0032% was detected at the first testing in eight patients but was not confirmed at the second testing. These eight patients were, therefore, classified into the No-CMR group. The study flow chart is shown in Figure  1 .
Comparison of patients with and without complete molecular remission
Comparison of the clinical characteristics of patients who did and did not achieve CMR revealed several significant differences (Table 2 ). In the univariate analysis, the frequency of low-risk patients was significantly higher (P=0.0367) and the time to MMR from CML diagnosis and imatinib administration was significantly shorter in the CMR group than in the No-CMR group. The median time to MMR from CML diagnosis and imatinib administration was 13.8 and 13.3 months, respectively, in the CMR group and 22.2 and 18.6 months, respectively, in the No-CMR group Factors predicting CMR in imatinib-treated CML haematologica | 2013; 98 (9) 1409 
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confirmed at the first and the second testing were classified into the CMR group. BCR-ABL IS ≦0.0032% was detected at the first testing but not confirmed in the second testing in eight patients, who were classified into the No-CMR group. (P=0.0224, P=0.0239) . The cumulative incidence of MMR was significantly higher in the CMR group than in the No-CMR group (P=0.0126; Figure 2) . Age, sex, prior CML therapy, and time to achieve a complete cytogenetic response were not significant predictive factors for achieving CMR.
Comparisons of the pharmacokinetic, pharmacogenomic, and immunological parameters in the CMR and No-CMR groups are shown in Table 2 . Because of insufficiently sized samples from eight patients, these parameters were analyzed in 144 of the 152 patients. Good adherence was confirmed in both the CMR and No-CMR groups, and the mean imatinib plasma trough concentration was above 1000 ng/mL in both groups. The frequency of patients with ABCG2 421A allele was significantly higher Table 2 . The absolute number of lymphocytes and the number of NK cells and CD3 + CD56 + T cells were not significantly different between the two groups, whereas the number of Treg cells was significantly lower in the CMR group than in the No-CMR group. The frequency of BIM deletion polymorphism was not significantly different between the two groups. In a multivariate regression analysis, duration of imatinib treatment, time to MMR from imatinib therapy, and the polymorphism of ABCG2 421C>A were independent predictors of CMR (Table 3 ).
Discussion
The purpose of CML treatment is to avoid disease progression from chronic phase to blast phase. Because CML patients who had an MMR have a significantly lower risk of disease progression, MMR at 18 months has been an important surrogate biomarker for the prediction of longterm outcome of imatinib treatment according to the ELN. 12 The idea of treatment-free remission, which is defined as the absence of molecular recurrence after discontinuation of tyrosine kinase inhibitor therapy, was proposed after the STIM trial. 9 CMR has been recognized as an important therapeutic milestone to treatment-free remission. Thus, it is necessary to identify new treatment strategies to increase the CMR rate in CML patients and to clarify the predictive factors for CMR achievement in these patients.
The 8-year cumulative incidence of CMR with imatinib therapy was 13.5% in study in Hammersmith Hospital (London, UK). 19 However, the percentage of CML patients who achieve CMR in daily clinical practice in Japan is unknown, because IS-PCR is only used in clinical trials. In the current study, we confirmed that approximately 50% of CML-CP patients treated with imatinib (median duration of imatinib treatment: 69.9 months) achieved CMR in daily clinical practice in Japan. The CMR was confirmed twice at different time-points by IS-PCR, because it is known that BCR-ABL1 levels sometimes fluctuate between MR3 and MR4.5. 20 Among 152 patients, eight (5.3%) had BCR-ABL1 levels that fluctuated, and they were classified into the No-CMR group.
The STIM study demonstrated that approximately 40% of CML patients with a stable CMR were able to sustain the CMR for more than 18 months after discontinuation of imatinib therapy .9,10 In the STIM study, the risk factors for molecular relapse were high Sokal risk score at the time of CML diagnosis and treatment with imatinib for <50 months. 9 Although the median duration of imatinib treatment was long (69.9 months) and more than 70% of patients had a low Sokal score in the current study, low Sokal risk score and duration of imatinib treatment were significant predictive factors for CMR in the univariate and multivariate regression analyses, respectively. Age, sex, European Treatment and Outcome Study score (EUTOS), 21 prior therapy for CML, and time to achieve complete cytogenetic response were not significant predictors of achieving CMR. In the multivariate regression analysis, time to MMR from imatinib therapy was an independent predictive factor for achieving CMR. BCR-ABL IS ≤0.0032% rates were significantly higher in newly diagnosed CML patients treated with nilotinib and dasatinib than in those treated with imatinib in the ENESTnd and DASISION trials. 6, 8 Furthermore, differences in the depth of the molecular response between nilotinib-and imatinib-treated patients increased over time (1% in the imatinib arm versus 11% in the nilotinib arm by 12 months; 23% in the imatinib arm versus 40% in the nilotinib arm by 48 months). 22 Moreover, the landmark analysis of ENESTnd estimated that 53% and 65% of imatinibtreated CML patients with BCR-ABL IS ≤1% at 3 months would achieve BCR-ABL IS ≤0.0032% by 3 years and 4 years, respectively. However, patients with BCR-ABL IS 1- 10% and >10% at 3 months were estimated to achieve BCR-ABL IS ≤0.0032% rates of 14% and 1% by 3 years and 24% and 5% by 4 years, respectively. 23 The landmark analysis of the DASISION trial also estimated that early molecular response at 3 months correlated with 3-year outcomes and risk of transformation. 24 Although more patients treated with second-generation tyrosine kinase inhibitors achieved an early molecular response at 3 months than did patients treated with imatinib, BCR-ABL IS >10% at 3 months was a warning sign of poor response in both landmark analyses. 23, 24 Taken together, these findings suggested that an early molecular response was associated with a deeper molecular response to CML treatment.
We expected that pharmacokinetic factors, such as drug adherence, plasma trough concentration, and polymorphism of imatinib transporters, would be predictors of CMR in CML. Previously, we reported that imatinib trough concentration was significantly higher in patients who achieved MMR than in those who did not achieve MMR. 25 Furthermore, patients with imatinib trough concentration values >1002 ng/mL had a higher probability of achieving MMR in our large cohort. 25 In the current study, the mean imatinib plasma trough concentration was above 1000 ng/mL in patients with and without CMR. However, the percentage of patients with CMR was significantly lower among those with the ABCG2 421C/C genotype than among those with the A allele. This finding suggests that the ABCG2 421A allele is associated with greater intracellular retention and, therefore, higher exposure to imatinib than the wild-type genotype. This finding is in agreement with the in vitro study by Imai et al. , who demonstrated that the levels of expression of the protein BCRP, which is encoded by ABCG2, were markedly decreased by the ABCG2 421A allele compared with the 421C/C genotype. 26 Although we previously reported that the ABCG2 421A allele was an independent predictor of a higher dose-adjusted imatinib trough concentration, 27 this polymorphism is also a predictive factor for CMR in CML patients treated with imatinib. Polyspecific organic cation transporter-1, which is encoded by SLC22A1, has been reported to be a key determinant in the molecular response to imatinib by increasing intracellular uptake. 28, 29 However, a relationship between SLC22A1 genotypes and CMR rate was not observed in the present study. Further investigation of SLC22A1 genotypes as predictive factors for achieving CMR in CML is necessary to confirm our findings.
BIM, a pro-apoptotic member of the BCL2 family of proteins, is required for imatinib to induce apoptosis in kinasedriven leukemia. We previously reported that a common BIM deletion polymorphism mediates intrinsic resistance and inferior responses to imatinib in CML. 18 This polymorphism switches BIM splicing from exon 4 to exon 3 resulting in the expression of BIM isoforms lacking the pro-apoptotic BCL2 homology domain 3. In the current study, the frequency of BIM deletion was not significantly different between CML-CP patients with CMR and those without CMR. Clinical, pharmacokinetic, and immunological parameters were not significantly different between patients with and without the BIM deletion in the CMR group (Online Supplementary Table S1 ). However, patients with the BIM deletion had slightly higher trough levels than patients without BIM deletion (1482 ng/mL versus 996 ng/mL, P=0.091). Although not statistically significant, pharmacokinetic factors may overcome the negative effect of BIM deletion on achieving CMR. In contrast, Katagiri et al. reported that the BIM deletion polymorphism is a possible criterion for discontinuation of imatinib in CML patients. 30 Although BIM deletion polymorphism was not associated with achieving CMR in our study, it may be a risk factor for relapse after discontinuation of imatinib.
Immunological surveillance, including cytotoxic T cells and/or NK cells, may be associated with CMR rate in response to imatinib in CML. Mustjoki et al. reported that clonal expansion of NK or T cells was associated with a favorable outcome in patients with Philadelphia chromosome-positive leukemia treated with dasatinib. 31 In the current study, there was no significant difference in absolute number of lymphocytes, NK cells, or CD3 + CD56 + T cells between CML-CP patients with CMR and those without CMR; however, the number of Treg cells was significantly lower in patients with CMR than in those without CMR. Balachandran et al. reported that T cells are crucial to the antitumor effects of imatinib in gastrointestinal stromal tumor (GIST). 32 Imatinib therapy activates CD8 + T cells and induces Treg cell apoptosis in GIST. 32 The significant difference in the absolute number of Treg cells between patients with CMR and those without CMR in the current study may be due to the induction of Treg cell apoptosis in the bone marrow. Thus, further investigation of the potential antitumor T-cell responses induced by imatinib in CML is warranted.
In summary, we confirmed a CMR rate of 50% in CML-CP patients with MMR treated with imatinib for more than 5 years. Duration of imatinib treatment, time to MMR from imatinib therapy, and frequency of ABCG2 421C/A were factors predicting the achievement of a CMR in CML-CP patients treated with imatinib. Further validation of these predictive factors in a large prospective study is warranted and will be important in identifying CML patients who can sustain CMR and treatment-free remission after discontinuation of imatinib therapy.
